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Abstract: The movement pattern of ellipsoidal nanoparticles confined between copper surfaces was
examined using a theoretical model and molecular dynamics simulation. Initially, we developed a
theoretical model of movement patterns for hard ellipsoidal nanoparticles. Subsequently, the simulation
indicated that there are critical values for increasing the axial ratio, driving velocity of the contact surface,
and lowering normal loads (i.e., 0.83, 15 m/s, and 100 nN under the respective conditions), which in turn
change the movement pattern of nanoparticles from sliding to rolling. Based on the comparison between
the ratio of arm of force (e/h) and coefficient of friction (μ), the theoretical model was in good agreement
with the simulations and accurately predicted the movement pattern of ellipsoidal nanoparticles. The
sliding of the ellipsoidal nanoparticles led to severe surface damage. However, rolling separated the
contact surfaces and thereby reduced friction and wear.
Keywords: movement pattern; friction and wear reduction; ellipsoidal nanoparticle additive; molecular
dynamics simulation

1

Introduction

Lubrication is an important method to reduce
friction and wear, and it improves the durability
and reliability of materials and reduces energy
consumption [1, 2]. Among the different lubrication
regimes, the boundary lubrication exhibits high
friction and wear behavior [3]. Currently, the addition
of friction modifier additives (i.e., organic friction
modifiers and nanoparticles) to tribology and
lubrication systems is considered as a useful method
for friction and wear reduction [2–5]. Given their
thermal stability at high temperatures, nanoparticles
can be popular solid lubricating additives and can
* Corresponding author: Liang FANG, E-mail: fangl@xjtu.edu.cn

play important roles in emission reduction and
improving fuel economy [5].
Different types of nanoparticles, such as metal,
metal oxide, metal carbonate, fullerenes, silica,
and carbon compound, have been developed as
solid lubricants and lubricant modifiers for friction
modification and wear resistance [3, 6–14]. The
tribological properties of metal nanoparticle additives
(like Fe, Cu, Ni, and Co) in base lubricants indicate
that they play a significant role in decreasing
friction and wear by forming a tribo-layer [6–9].
Metal oxide nanoparticles, such as CuO, ZrO2, and
ZnO, exhibit good friction and wear-reducing
performance owing to the tribo-sintering process
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Nomenclature
e
h
F, F1, F2
N, N1, N2
μ
a, b, c
γ
H
α
θ
αθ
β
R

Resistant arm of force
Driving arm of force
Friction force
Normal force
Coefficient of friction
Semiaxis of ellipsoidal nanoparticle
Rotation angle of ellipsoid
Material hardness
Elastic recovery coefficient
Indented angle
Elastic recovery angle
Angle of ellipse parametric expression
Radius of curvature

[10–12]. For example, it was considered that the
deposition of CuO nanoparticles on a worn surface
decreases the shearing stress and thus improves
the tribological properties [13]. Carbon-based nanoparticles are being considered as potential boundary
lubricant additives because of their high structural
and chemical stability and environmentally friendly
features [5, 14, 15]. Gupta et al. [16, 17] demonstrated
a reduction in material wear by using fullerene
(C60) nanoparticles. The reduction in material wear
was owing to the formation of the transfer-film in
the contact area or the “tiny ball bearings” effect of
C60 clusters. Furthermore, the use of nanodiamonds
as additives in sunflower oil and base oil decreased
the worn scar depths by 43.3% and 62.1%, respectively,
when compared with pure oil lubrication [13]. Xu
et al. [18] indicated that the friction and wear
reduction was attributed to the ball-bearing effect
and surface polishing action of diamond nanoparticles
confined between the rubbing faces. Based on
previous studies, the friction and wear reduction
of nanoparticles are usually attributed to the rolling
effect, tribofilm formation, mending effect, and
polishing effect [3, 5, 13, 14]. However, they
significantly depend on the movement pattern of
nanoparticles [4, 14, 19–21].
Furthermore, it is important to note that the
lubrication and tribology behaviors of nanoparticles
depend on many factors such as the individual features
of the nanoparticles (size, shape, and physicochemical
nature), material properties, and external tribological

conditions [2, 4, 13, 22]. In boundary lubrication and
mixed lubrication regimes, the shape of nanoparticles,
moving status of rubbing faces, and external
pressure significantly affect the movement pattern
of nanoparticles confined between solid surfaces.
This in turn is related to the friction mechanisms
[23–26]. However, to date, there are no accurate
theoretical models to predict the movement pattern of
nanoparticle additives with non-regular shapes.
Thus, it is not possible to accurately evaluate their
lubrication and tribology behaviors, although Zhang
et al. [24, 27] developed a theoretical prediction
model for spherical nanoparticles. On the other
hand, there is significant uncertainty concerning
the relationship between the friction and wear
reduction mechanisms and tribological conditions.
Therefore, to predict the movement pattern of
non-spherical nanoparticles and illustrate their friction
and wear reduction behaviors and the corresponding
mechanisms, we created a mathematical model of
the ratio of arm of force (e/h, e is the resistant arm
of force and h is the driving arm of force) and
compared it with that of coefficient of friction (μ).
Subsequently, we implemented a nonequilibrium
molecular dynamics (NEMD) simulation. A diamond
ellipsoid was selected to model a hard and nonspherical nanoparticle additive. The shape of the
nanoparticle, normal load, and relative velocity of
solid surfaces were modified to validate the
theoretical model and reveal the movement of the
nanoparticles. This study will aid in providing
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insights for the nanoscale lubrication and tribology
behavior of nanoparticles as lubricating additives
confined between asperities. It is important to note
that it is difficult to obtain these insights from
experiments.

2
2.1

Mathematical model of movement
criterion for ellispoidal nanoparticles
Creation of movement criterion for ellispoidal
nanoparticle

In real lubrication or tribology systems, the movement
pattern of nanoparticles varies and includes sliding,
rolling, and/or their combination under the effects
of tribological conditions such as material hardness,
particle shape, and external load. It is important to
predict the movement pattern of nanoparticles, and
thereby explore the friction and wear behaviors.
Fang et al. [28] proposed a criterion to predict the
movement pattern of particles in macroscale and
nanoscale, which is simply expressed in Eqs. (S1)–
(S4) in Electronic Supplementary Material (ESM).
As shown in Fig. 1(a), the particle comes in contact
with two surfaces in a small area wherein friction
and normal forces act. The concentrated horizontal
friction forces and normal forces are expressed
with F1, F2, and N1, N2, such that the equal force
correlations are F = F1 = F2 and N = N1 = N2 under

equilibrium conditions. Conversely, when the
particle rolls the torque F × h driving particle to
roll, it should be higher than the torque N × e
resisting particle rolling (that is F × h > N × e), and
vice versa. Thus, the particle should roll if the e/h
is lower than μ defined by F/N (i.e., e/h < μ for
rolling). However, it should slide if e/h is larger
than μ (i.e., e/h > μ for sliding). It is important to
note that this criterion is applicable to nearly all
shapes of particles. However, it was created for
spherical particles. Hence, the movement pattern
of the particles can be predicted by comparing e/h
and μ. The e/h for spherical particles is shown in
Eqs. (S5)–(S7) in ESM [28]. However, the shape of
the nanoparticle is typically not regular and can
influence the particles’ movement pattern in
boundary lubrication. Fang et al. [23, 28] assumed
an ellipsoidal particle shape in the first approximation to model real particle contours in threebody abrasion. In this study, we adopted this
ellipsoidal nanoparticle to model real nanoparticle
additives in the lubrication or tribology system and
formulated the e/h expression to predict the
movement pattern. As shown in Fig. 1, we used a
sphere to replace the ellipsoid (with semi-axes a, b,
and c, a = c) at the contact area. The sphere and
ellipsoid exhibit the same curvature at contact
point A. To simplify the process, three hypotheses
were proposed as follows: 1) Nanoparticle is rigid

(a)

(b)

Fig. 1 Schematic illustrations of (a) force analysis for a spherical particle, and (b) the geometric parameters for ellipsoidal
nanoparticle. The coordinate of point A is denoted by (x1, y1), and the coordinate of point O is denoted by (x01, y01). Symbol
codes: θ, indented angle; α, elastic recovery coefficient; αθ, elastic recovery angle; β, angle of ellipse parametric expression; γ,
rotation angle; ee and he, arm of force for ellipsoid; ec and hc, arm of force for circle.
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and its mass is not considered; 2) nanoparticle
cannot rotate in XOZ plane, but can rotate in XOY
plane; 3) friction and normal forces are distributed
uniformly on the contact surface.
The parametric expression of an ellipse is shown
in Eq. (1), where (x, y) denotes the coordinate of a
point on the ellipse. Based on the first and second
derivatives of the parametric expression, we can
obtain the radius of curvature (R) and the center
coordinates of curvature circle, ( x0 , y0 ), as described
by Eqs. (2) and (3), respectively.

point A. Hence, the new center coordinates ( x01 ,
y01 ) of curvature circle can be described by Eq. (5)
as follows:

 x  a cos 

 y  b sin 

Based on the rotating trajectory of curvature
circle, the e and h can be obtained as shown in Eqs.
(6) and (7), respectively. Hence, the e/h expression
is obtained in Eq. (8) as follows:
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By substituting Eqs. (S5) and (S6) (ESM), (4), and
(5) into Eq. (8), the e/h expression for an ellipsoidal
nanoparticle moving along the x-direction is as
follows:

3
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Na 2 b 2


  arc cos  1 
 (10)
2
2
2
2
πH  a  b sin   b  





where γ denotes the rotation angle of the ellipsoid,
N denotes the normal load, and H denotes material
hardness.



2.2


cos  3
 x01 


cos  3


y
 01


(2)

When the rotation angle of an ellipsoid is γ, as
shown in Fig. 1, the new ellipse expression can be
described by Eq. (4), where ( x1 , y1 ) replaces (x, y)
as the coordinate of a point in the new ellipse, i.e.,



 x1  a cos  cos   b sin  sin 

 y1  a cos  sin   b sin  cos 



Discussion of e/h expression

(9)
as described in Eq. (11). This expression is similar
to that proposed by Sun et al. [27], and thereby indicating that Eq. (9) is correct at the specific condition.
3
8 b sin  3  sin   


2
2
3π  sin   sin   


ec hc 
4b sin  3
3   sin  cos  

2  sin  3  sin      sin  cos  

 
2
π  sin  2  sin    sin  3


3

Given that a = b in Eq. (9), the ellipsoidal nanoparticle
becomes a spherical nanoparticle. Thus, the e/h
expression for spherical nanoparticles can be obtained
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(11)

Concerning the e/h expression of ellipsoidal
nanoparticle in the lubrication system, e/h is
related to γ, θ, αθ, and β (as displayed in the list of
symbols) in parametric expression. In Fig. 2, the
correlations indicate that these angles exhibit
important effects on the e/h value. This further
affects the relationship between e/h and μ. The θ,
αθ, and β are related to the normal load, material
properties, and shape of nanoparticle, respectively.
Hence, they affect the movement pattern of
nanoparticles in the lubrication and tribology
process.

3

NEMD simulation

To validate the mathematical model for ellipsoidal
nanoparticles and reveal the wear behavior, NEMD
simulations with classical molecular dynamics
code large-scale atomic/molecular massively
parallel simulator (LAMMPS) [30] were performed.
In all the simulations, two monocrystalline Cu
slabs, with dimensions corresponding to 32.6 nm ×
20.2 nm × 14.9 nm along x-[100], y-[010], and z-[001]
crystal orientations, were used to represent the
asperity contact, as shown in Fig. 3. Each Cu slab
included boundary, thermostat, and Newtonian
zones. The boundary zone was kept rigid to provide
structural stability, the thermostat zone was set at a
constant temperature of 300 K to mimic heat
dissipation, and atoms in the Newtonian zone were
allowed to freely move based on Newton’s laws of

Fig. 2

motion. The ellipsoidal diamond nanoparticle
(with semi-axes a, b, and c along x-, y-, and z-directions,
respectively) was confined between the two slabs,
and its axial ratio (b/a, where a = c = 3 nm) was
varied to reflect the change in shape of nanoparticles,
as listed in Table 1. Furthermore, the axial ratio
was adjusted by only changing the value of b, and
thereby signifying that the change in the nanoparticle shape is accompanied by variation in the
volume of the nanoparticle [23, 25]. To simplify the
model, the lubricating fluids were omitted because
most of them were squeezed out from the contact
area of asperities [14, 31, 32].
The embedded atom method (EAM) potential
[33] was adopted to describe the interactions
between Cu atoms and the function is described in
Eq. (12), where F’ denotes the embedding energy, ρ
denotes the atomic electron density, ϕ denotes a
pair of potential interactions, and k and l denote
the element types of atoms i and j, respectively.
The interactions between Cu atoms and C atoms of
the diamond nanoparticles were modeled using
the Morse potential [34], and the corresponding
parameters were validated [25, 26]. The Morse
function is shown in Eq. (13), where D0 denotes
the cohesion energy, δ denotes the elastic modulus,
r and r0 denote the instantaneous and equilibrium
distance between the two atoms, respectively. The
interactions between C atoms of a diamond
nanoparticle were omitted due to its rigid body
[25]. All the parameters are shown in Table 1 [25,
35–39].

e/h vs. γ, α, and β.
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friction between the nanoparticle and the two solid
surfaces.

4

Fig. 3 Schematic of the molecular dynamics simulation
model in a vertical cross-section.
Table 1

Parameters used in the MD simulations.

Property
Each Cu slab

Parameters
Monocrystalline Cu, 575,640 atoms,
32.6 nm × 20.2 nm × 14.9 nm
Diamond, rigid, a = c = 3 nm, axial
ratio: 0.50, 0.70, 0.83, and 0.90

Ellipsoidal
nanoparticle
Potential for
EAM
Cu–Cu
Potential for
Morse: D0 = 0.01 eV, α = 1.77 nm−1, and
Cu–C
r0 = 0.22 nm
Normal load
60, 80, 100, and 110 nN
Velocity of upper
10, 20, 30, and 50 m/s
slab
Timestep
1 fs
Temperature

E  D0  e


300 K
2  r  r0 

 r  r
 2e  0  


(13)

In the NEMD simulation process, the system was
initially optimized to obtain the local minimum
energy and configuration at the canonical ensemble
(NVT, constant atom number N, volume V, and
temperature T in simulated system) for 100 ps.
Subsequently, the normal load was exerted on the
boundary zone of the upper slab along the
y-direction, while the boundary zone of the lower
slab was fixed. Finally, the upper slab was derived
to move along the x-direction at a constant velocity.
All simulations were performed at the microcanonical
ensemble (NVE, energy E in simulated system), and
the motion of atoms was integrated using the
Velocity-Verlet algorithm with a time step of 1 fs.
The Langevin thermostat was in the thermostat
zone, and periodic boundary conditions were used
along x- and z-directions. The μ was obtained by
calculating the average of the two coefficients of

Results and discussion

The NEMD simulations were performed to explore
the change in the movement pattern of hard nanoparticle as a lubricant additive. Furthermore, the
resultant friction and wear behaviors under different
tribological conditions were also characterized.
Figure 4 shows the instantaneous configurations of
each ellipsoidal nanoparticle confined between
monocrystalline Cu slabs at a normal load of 80 nN
and driving velocity of 50 m/s. It is observed that
the nanoparticles, with an axial ratio of 0.50 and
0.70, nearly maintained their initially lying state
between two contact surfaces during the entire
moving process. This denotes that the nanoparticles
maintained a sliding movement pattern under the
driving of the upper slab. The status of the
nanoparticles with an axial ratio of 0.83 and 0.90,
which exhibits a shape closer to a sphere, varied at
different moments. This implies that the nanoparticles
maintained a rolling movement pattern. By combining
Eq. (9) and the simulated results in Fig. 5, the
calculated e/h is always higher than μ because the
axial ratio is less than 0.83. This implies that F × h
is lower than N × e, and vice versa. This indicates
that the ellipsoidal nanoparticles can slide if the
axial ratio is less than 0.83 and roll if the axial ratio
is higher or equal to 0.83 based on the criterion of
the movement pattern.
Figure 6 shows the instantaneous configurations
of the ellipsoidal nanoparticle with an axial ratio
of 0.83 under different normal loads and a constant
driving velocity of 50 m/s. Figure 6 indicates that
the ellipsoidal nanoparticles rolled under the
driving of the upper slab at normal loads of 60, 80,
and 100 nN. However, sliding movement occurred
as the normal load increased to 110 nN. It is important
to note that the sliding nanoparticle experienced
initial rolling from 0 to 60 ps, and thus it did not
exhibit sliding alone. The calculated average e/h
value and μ validate the movement pattern of the
ellipsoidal nanoparticle, as shown in Fig. 7. Similarly,
Fig. 8 shows the ellipsoidal nanoparticle with an
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Fig. 4 Movement configurations of nanoparticle with variation in axial ratio α. Color code: dark blue, nanoparticles; sky blue,
defect-free Cu; cyan, stacking fault; dark brown, Cu surface atoms.

Fig. 5

Comparison of μ and e/h concerning the axial ratio.

axial ratio of 0.83, which maintained a nearly lying
status with a small rotation angle under the driving
velocity of 10 m/s. However, the nanoparticle exhibited
a relatively high angle rotation during the first 5
nm and then maintained its status of sliding as the
driving velocity increased to 15 m/s. Furthermore, as
the driving velocity increased to 30 m/s, the nanoparticle

exhibited a rolling movement pattern. The comparison
of the calculated average e/h value and μ (Fig. 9)
confirms the various movement patterns of the ellipsoidal
nanoparticles, as depicted in the configurations.
The critical driving velocity is approximately 17
m/s under the given tribology conditions.
The movement pattern of the ellipsoidal nanoparticles
is significantly affected by the lubrication and
tribology conditions. For example, the movement
pattern turned from sliding to rolling as the axial
ratio and driving velocity were increased and the
normal load was decreased. As mentioned in
Section 2.2, the e/h value is related to γ, θ, αθ, and β
in parametric expression. Furthermore, the θ exhibited
a certain relationship with normal load, material
hardness, and shape of the nanoparticle, as shown
by Eq. (10), and β is related to the shape of nanoparticles, the α is related to the elastic property of
the material, and the γ is related to the normal
load and shape of the nanoparticles. Therefore, if the
relationships between the γ and normal load and

| https://mc03.manuscriptcentral.com/friction
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Movement configurations of nanoparticle with an axial ratio of 0.83 under different normal loads.

Fig. 7 Comparison between μ and e/h under different
normal loads.

Fig. 8 Movement configurations of nanoparticle under
different driving velocities.

Fig. 9 Comparison between μ and e/h under different
driving velocities.

between the γ and shape of nanoparticles are known,
as opposed to artificially setting them, then we can
easily obtain the e/h value and predict the movement
pattern of nanoparticle additives by comparing the
e/h value with μ.
Concerning the boundary and mixed lubrication
systems, the lubricating fluids typically do not
work well and are even squeezed out from the
friction and wear regions [14, 31]. Therefore, in our
study, the presence of nanoparticle additives and
their movement pattern play a key role in the
removal of asperities and wear of contact surfaces.
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Figure 10, S2, and S3 (ESM) display the snapshots
of worn surfaces under different tribology conditions.
Under the effect of a nanoparticle shape, as reflected
by the axial ratio, Fig. 10 shows that after the sliding
movement of ellipsoidal nanoparticles, a regular
groove appeared on the upper and lower surfaces,
and a large number of Cu atoms were plowed from
their original positions to form ridges along the
two sides of the groove. Furthermore, a relatively
high pileup was observed in front of the nanoparticles.
A similar phenomenon was observed in the
nanoscratching process [25]. Additionally, the
instantaneous configurations (Fig. 4) also show
that some internal defects, including dislocations
and stacking faults, were nucleated in the nanoparticle
contact area and propagated along ±45 of the
sliding directions in a very limited region. This is
because the applied load of 80 nN was not
sufficiently high to induce propagation of a large
number of dislocations in the contact area. Hence,
the elastic recovery with the removal of the load
provided energy to decrease the plastic area and/
or facilitate the transformation of defects from the
internal region to the surface after the nanoparticle
left the area. However, for the rolling process, the
formed groove, ridges, and atomic pileup were nonregular, and the worn surface atoms were distributed
disorderly in the friction and wear region, especially
for the nanoparticle (with higher axial ratio) closer
to a sphere. Similar results are also observed in the
cases with the effects of normal load and driving
velocity of the upper slab, as shown in Figs. S2 and
S3 (ESM). These results indicate that, as lubricant

Fig. 10 Snapshots of worn surfaces with variation in axial
ratio in XOZ plane. The color changes from sky blue to red
indicate the increasing height of atoms above the initial
surface, whereas dark blue denotes a deeper scar under the
initial surface.

additives, sharper nanoparticles easily embed or
indent into the contact surfaces and then slide. This is
especially true under higher pressure and lower
driving velocity, which helps reduce the surface
asperities. However, it causes more severe surface
damage due to the plowing action. Conversely, the
nanoparticles with a shape closer to that of a
sphere tend to roll between the contact surfaces,
especially under lower pressure and higher
driving velocity. This in turn can separate both the
contact surfaces and reduce friction and wear. It is
important to note that the rolling of relatively
sharp nanoparticles can induce more internal defects
on contact materials when the cusp comes in contact
with solid surfaces under high pressure (Figs. 4
and 6). Furthermore, Fang et al. [23] reported that in
a three-body abrasion, the maximum depth of the
defects and scratching grooves increased with
increase in the axial ratio of the ellipsoidal particle.

5

Conclusions

To predict and reveal the friction and wear behaviors
of ellipsoidal nanoparticle additive confined between
solid surfaces, a theoretical model was developed
and a NEMD simulation was performed. Based on
the criterion of movement pattern of particles and
e/h relationship for spherical nanoparticles sandwiched between solid surfaces, we developed a new
e/h expression for hard ellipsoidal nanoparticles.
The e/h is related to γ, θ, αθ, and β in parametric
expression, which in turn are related to the normal
load, material properties, and shape of the
nanoparticle. Subsequently, the NEMD simulation
indicated that the rolling movement of nanoparticles
occurred as the axial ratio increased to 0.83, the
normal load decreased to 100 nN, and the driving
velocity of the upper slab increased to 15 m/s
under certain conditions, and vice versa. By
comparing the e/h value calculated from the
theoretical expression and coefficient of friction
obtained from simulated results, it can be
determined that the mathematical model of the
movement criterion is in good agreement with the
simulations. This in turn helps predict the
movement pattern of ellipsoidal nanoparticles.
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Finally, the analysis of worn surfaces showed that
the sliding movement of ellipsoidal nanoparticles
causes a regular groove, ridges, and relatively high
pileup in front of the nanoparticle. This resulted in
severe surface damage. However, the rolling
nanoparticles can separate the contact surfaces
and reduce friction and wear. This study provides
insights into the nanoscale lubrication and tribology
behavior of nanoparticles, as lubricating additives
confined between asperities.
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